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Mathematical Modeling of a Primary Zinc/Air Battery 
Z. Mao* and R. E. White* 
Center for Electrochemical Engineering, Department of Chemical Engineering, Texas A&M University, 
College Station, Texas 77843 
ABSTRACT 
The mathematical model developed by Sunu and Bennion has been extended to include the separator, precipitation 
of both solid ZnO and K2Zn(OH)4, and the air electrode, and has been used to investigate the behavior of a primary Zn-Alr 
battery with respect to battery design features. Predictions obtained from the model indicate that anode material utili- 
zation is predominant ly limited by depletion of the concentration of hydroxide ions. The effect of electrode thickness on 
anode material utilization is insignificant, whereas material loading per unit  volume has a great effect on anode material 
utilization; a higher loading lowers both the anode material utilization and delivered capacity. Use of a thick separator will 
increase the anode material utilization, but  may reduce the cell voltage. 
Zinc is used widely as an anode in many alkaline batteries, 
such as Zn]Ni and Zn/Air. Optimum designs of these bat- 
teries depend on understanding the zinc chemistry and elec- 
trochemistry in alkaline solution and the mass-trans- 
port processes in the battery during charge and discharge. 
While the former has been extensively investigated experi- 
mentally, only a few mass-transport models have been pre- 
sented. Choi, Bennion,  and Newman (1) presented a math- 
ematical model of a secondary Zn/AgO battery for analysis 
of the material redistribution in the battery during charge 
and discharge. Their model includes convective flow 
caused primarily by osmosis and electro-osmosis forces. It 
was found that the convective flow is primarily responsi- 
ble for the nonuniform zinc distribution on the electrode 
plate. The validity of their conclusions was verified par- 
tially by their experiments that showed virtually no zinc 
redistribution when the convective flow was minimized 
(2). Sunu  and Bennion (3) developed a comprehensive 
model of a porous zinc electrode to investigate the elec- 
trode phenomena in the direction perpendicular to the 
projected electrode surface. In  their model, the mass- 
transport  equations were developed based on concen- 
trated ternary electrolyte theory. Three electrode failure 
mechanisms (namely, depletion of hydroxide ions, pore 
plugging by zinc oxide, and surface passivation) were 
identified by analyzing the model simulations. The validity 
of their model was verified by good agreement between 
their model predictions and experimental data of porosity 
and zinc oxide distributions (4). Their model was used 
later by Isaacson et al. (5) and Miller et al. (6) to investigate 
zinc movement  in both the vertical and parallel directions 
to the electrode surface. Good agreement was obtained by 
Isaacson et al. (5) between their model predictions and ex- 
perimental  chronopotentiometric data. 
It should be noted that all previous mathematical mod- 
els were used to study secondary batteries and that the 
model verification was conducted using a half cell or a Zn- 
NiOOH cell. Previous modeling efforts were focused on 
the zinc electrode; and, consequently, the concentration 
distributions in the separator were neglected. Although 
the findings from such research may be useful for design 
of a primary Zn-Air battery, many aspects of a primary 
Zn-Alr battery are different from a secondary battery. For 
example, material redistribution is not of as much concern 
in a primary battery. Instead, the anode material utili- 
zation and polarization behavior are more important. In  
addition, a primary battery is usually built  in the "dry" 
form, namely, with a gelled electrolyte, and the ratio of the 
amount  of zinc to that of KOH is much greater than that in 
a secondary battery. The model presented here can be 
used to analyze the performance of a primary Zn-Air bat- 
tery with respect to design parameters in order to maxi- 
mize the performance of the battery. 
Chemistry and Electrochemistry 
Zinc oxide solubility is relatively high in an alkaline so- 
lution because dissolved zinc forms various complexes 
* Electrochemical Society Active Member. 
with hydroxide ions. These complex ions include 
Zn(OH)~-, Zn(OH)~, Zn(OH)2, and Zn(OH) +, etc. It is 
known (7, 8) that only the concentration of Zn(OH)~- is ap- 
preciable when compared with the other species present 
in the electrolyte. Therefore, an alkaline zincate solution 
can be reasonably treated as a ternary electrolyte consist- 
ing of KOH, K2Zn(OH)4(1), and H20. When ionic zinc spe- 
cies (Zn 2§ are introduced into the solution by dissolution 
of Zn, they may remain in the electrolyte as zincate ions or 
deposit as ZnO (s) 
Zn(OH)~- ~ ZnO(s) + 2 OH- + H20 [1] 
In  addition, Zn(OH)~- ions can also precipitate in the form 
of solid K2Zn(OH)4(1) if the solution is oversaturated with 
K2Zn(OH)4 (9). Although the kinetics of these processes are 
not clearly understood, a correlation between the alkaline 
concentration and the solubility of zincate is well estab- 
lished, which is an approximate linear function of hydrox- 
ide concentration over a certain range (8). 
If zinc remains in the solution as Zn(OH)~- and does not 
precipitate during discharge of a Zn/Air battery, hydroxide 
ions will be rapidly depleted due to zinc dissolution by 
OH- ions, which maY cause the cell voltage to increase rap- 
idly. On the other hand, if zincate ions decompose into zinc 
oxide and hydroxide ions when the solution becomes satu- 
rated with zincate, the anodic zinc dissolution would con- 
t inue as long as the electrode is not blocked by the result- 
ing zinc oxide, and as long as hydroxide ions are available. 
This availability of OH- ions depends on the zincate de- 
composition rate compared to the discharge rate. Unfor- 
tunately, it has been reported that the decomposition of 
zincate ions is a slow process. Also, the precipitation of 
solid potassium zincate is undesirable because it will re- 
sult in a loss of potassium hydroxide. 
The electrochemistry of zinc anodic dissolution in alka- 
line solutions has been extensively investigated, as indi- 
cated by several review articles on the subject (10-12). 
However, several reaction mechanisms have been pro- 
posed by different researchers, and, unfortunately, agree- 
ment  about a kinetics expression has not been obtained. It 
is generally accepted that the anodic zinc dissolution 
forms zincate ions as follows 
Zn + 4 OH- ~- Zn(OH)~- + 2e [2] 
Often the reaction orders of zincate and hydroxide ions ob- 
tained from the anodic portion of a polarization curve are 
different from those obtained from the cathodic portion. 
The reaction order of hydroxide varies from 1.0 to 3.6, and 
that of zincate ions changes from 0.65 to 0.9, and the ex- 
change current  density varies from 0.5 to 400 mA/cm 2 
(13-16). For engineering purposes, it may be reasonable to 
use the Butler-Volmer equation as the overall kinetic ex- 
pression. 
If the anodic current density on a zinc electrode is too 
high, the electrode will become passivated by the coverage 
of insulating zinc oxide (ZnO). At room temperature, the 
min imum current  density that will cause the passivation is 
about 100 to 200 mA/cm 2 (10). For a ZrdAir battery utilizing 
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a porous zinc electrode, the actual current density is nor- 
ma]]y lower than this l imit ing value. Therefore, electrode 
passivation may be less important than depletion of hy- 
droxide ions and pore plugging by zinc oxide for the 
ZrdAir battery. 
Both solid zinc oxide (ZnO) and solid potassium zincate 
(K2Zn(OH)4) are electrical insulators and have higher 
molar volumes than metallic zinc; consequently, their pre- 
cipitation in a zinc electrode may cause pore blockage in 
addition to electrode passivation. Their precipitation rates 
depend on alkaline concentration, initial electrode poros- 
ity, and applied current density. 
At the air electrode, oxygen gas undergoes several trans- 
port steps before being electrolytically reduced at reaction 
sites. These steps include transfer into the gas fed porous 
layer by diffusion and convection in the gas phase, dissolu- 
tion into the electrolyte, and diffusion in the electrolyte 
phase to the reaction sites. The overall electrochemical re- 
duction is generally expressed as 
02 + 2H20 + 4e- ~ 4 OH- [3] 
Oxygen solubility and the electrode kinetics dominate the 
electrochemical behavior of this electrode. The kinetics of 
an oxygen electrode have been investigated extensively 
due to its applications in fuel cells and other important 
electrochemical industries. The kinetics of this electrode 
reaction depend on the catalyst used, but  are generally 
very slow compared to that of zinc oxidation at the anode. 
The oxygen solubility in KOH solution is relatively small, 
and becomes much smaller in a highly concentrated elec- 
trolyte, and consequently, the electrode may suffer a sig- 
nificant voltage loss due to concentration polarization. 
Development of the Mathematical Model 
Since the validity of the mathematical model for a 
porous zinc electrode by Sunu  and Bennion (3) has been 
verified by their experiments (4) and by others (5), this 
work consists of extending their model to include the fea- 
tures of a primary Zn/Air battery and including the separa- 
tor region and the air electrode. The model consists of 
mass conservation equations, Ohm's law in the solution 
phase and in the solid phase of the zinc electrodes, a vol- 
ume balance for the solid phase, and kinetic rate expres- 
sions for zinc dissolution, oxygen reduction, and zinc 
oxide and potassium zincate formation. Diffusion and mi- 
gration are included in the mass-transport equations. The 
macro homogeneous approach (17, 18) is used to develop 
the model. 
Porous  z inc  e lec t rode . - -A  general mass balance for spe- 
cies i in the electrolyte phase can be written for one dimen- 
sion as (17) 
0 e e l  0Ni 
- -  - + R~ [4] 
Ot Ox 
where N~ represents the flux of species i, and R~ accounts 
for the concentration change rate due to electrochemical 
and chemical reactions. Application of Eq. [4] for each 
ionic species yields 
OeC1 ON1 1 Oi2 
- -  - - -  + - - - - + R 1  [ 5 ]  
at Ox n F  Ox 
OeC2 ON2 4 Oi2 
Ot ox n F  Ox 
+R: [6] 
where subscripts, 1 and 2 represent Zn(OH)~- and OH-, re- 
spectively, and R1 and R2 account for the contribution due 
to the precipitation of solid zinc oxide and potassium zinc- 
ate, as presented later. 
Since the electrolyte is immobilized by an added gelling 
agent in a primary Zrdair battery, the solution convection 
is probably insignificant and, consequently, is not in- 
cluded here. Also, the effect of the interaction between po- 
tassium hydroxide and zincates on the transport process is 
not included, which probably does not introduce an appre- 
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ciable error to the model predictions, as indicated by the 
model simulations presented by Sunu and Bennion (3) and 
Isaacson et al. (5). Therefore, based on the derivations by 
Sunu and Bennion (3), the fluxes, N1 and N2 can be ex- 
pressed as 
N1 DAel+~ OCA t l  
~IA - Ox + ZlvlAF i2 [7] 
_ t 2  . N2 DBel+, oCB + [8] 
]J2B OX Z21)2B F ~'2 
where subscripts 1, 2, A, and B represent Zn(OH)~-, OH- 
ions, potassium zincate (K2Zn(OH)4), and potassium hy- 
droxide, respectively, z~ is the charge number  of species i, 
i2 is the current density in the solution phase, and 9 is a tor- 
tuosity factor. The diffusion coefficients D~ (i -- A and B) 
and the transference numbers  t~ (i = 1, 2) are defined with 
respect to the volume average velocity v. The symbol v~ 
represents the number  of ionic species i per molecule for 
species j. 
The current density in the solution phase, i2, can be cal- 
culated using a modified Ohm's law for the ternary electro- 
lyte solution as given by Sunu and Bennion (3) 
Ox n F  Z~VIA Co Ox 
ze 1+~ ( s2 nt2 so _ ~ OI~B 
+ Co c . )  [9] 
where + is the potential in the electrolyte relative to a refer- 
ence electrode of the same kind as the zinc electrode, si is 
the stoichiometric coefficient of species i in reaction [2], K 
is the electrolyte conductivity, and ~i is the chemical po- 
tential of species i, which can be related to the concentra- 
tions of ionic species as follows (19) 
~A = ~~ + R T  In [(2C1 + C2) 2 C1~] [10] 
~s  = ~ + R T  ln  [(2C1 + C2)C2~t~] [11] 
where ~/A and ~/B are the mean activity coefficients of A and 
B which are assumed to be independent  of the electrolyte 
concentration in this work. 
The porosity of the zinc electrode increases as zinc dis- 
solves and decreases as ZnO and K2Zn(OH)4 precipitate. 
The rate of change of the porosity is a function of time 
which can be expressed in terms of the partial molar vol- 
umes of zinc, zinc oxide, and potassium zincate and the 
precipitation reaction rates 
0e 1 ~ 0i2 - -  
-- V z n -  - YznoRzn O - "~AsRk [12] 
at 2F Ox 
where Vi is the partial molar volume of species i (i = Zn, 
ZnO, and K2Zn(OH)0 and Rz,o and Rk are the precipitation 
rates of solid ZnO and K2Zn(OH)4, respectively. 
The potential in the solid phase of the electrode changes 
according to Ohm's law 
ia = I - i2 = - ~(1 - ~1) l+v 0(~a [13] 
bX 
where I is the applied current  density, +a is the potential in 
the solid phase, ia is the current density in the solid phase, 
and cr(1 - el) 1§ represents the effective electrode conduc- 
tivity with el representing the porosity related only to me- 
tallic zinc. A charge balance for the currents (ia and i2) and 
the electrochemical reaction (reaction [2]) yields the 
equation 
oi~ 0i2 
- Ja [14 ]  
Ox Ox 
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where ja is the transfer current per unit  volume of the elec- 
trode due to reaction [2], which can be expressed by a But- 
ler-Volmer equation (15, 16) 
9 r / c =  p [2~.F 1 
j ,  = as~ ~f 1 ~ - - ~  exp - qb - r 
' k ke2 , re f  / [ - - R ~  (~a  
] 
(c,) [2. ]} 
- ~ exp RT- ~ ((~a -- (~ -- ~a,ref) [15 ]  
where a, is the surface area of metallic zinc per unit  vol- 
ume of the electrode which is assumed here to be propor- 
tional to (1 - el) 
= [i- ~:]~ 
a~ a o / ~ J  [16] 
where ~ is a surface effect factor, ao and e ~ are the initial 
specific surface area and porosity of the zinc electrode, re- 
spectively. Since zinc dissolution is due to the electro- 
chemical reaction, e~ changes according to the equation 
0El Y z n  . 
- - - 3 ~  [17] 
0t 2F 
Separator . - -The  mass-balance equations and the vol- 
ume-balance equations for both the solid and the electro- 
lyte phases are of the same form as those for the zinc elec- 
trode except that no electrochemical reaction occurs in the 
separator. Also, Ohm's law in the electrolyte is of the same 
form in this region as that in the zinc electrode. 
Precipi tat ion of  solid zinc oxide and potass ium 
z incate . - -The  formation of solid zinc oxide includes the 
decomposition of zincate ions and the dissolution of zinc 
oxide at the same time as given in reaction [1]. When the 
concentration of zincate ions is increased by anodic disso- 
lution of zinc during discharge, the driving force for zinc 
oxide precipitation is also increased. This additional driv- 
ing force may be expressed in the terms of oversaturation 
(2O) 
AG* = ~RT (ln C1 - In C1,~) [18] 
where ~ represents a correction coefficient and C~,~ is the 
zincate concentration in equil ibrium with solid ZnO. On 
the other hand, the accumulation of zinc oxide causes a 
rise in its dissolution rate simply because more zinc oxide 
is available. Therefore, the precipitation rate of zinc oxide 
may be expressed as 
R z ~ o = k f { c ~ ( C ~  ~ 1  -e ) ]  C~} [19] \ C L J  - -~ [ap + ko(el 
where K is the equil ibr ium constant for reaction [1], a v is 
the initial number  of moles of ZnO per unit  volume of the 
anode, ko is a proportional constant, and (e~ - e) represents 
the volume of the precipitated ZnO if the amount  of 
K2Zn(OHh precipitate is negligible compared to that of 
ZnO. Similarly, the precipitation rate of solid potassium 
zincate may be expressed as 
Rk = knC, exp [~(ln C1 - In C1"~)] = knC, ( - - ~  [20] 
\c~*J 
where Ci% is the equil ibrium concentration of zincate ions 
with solid potassium zincate, and the reverse reaction is 
neglected. No experimental  data is available for the rela- 
tion between Cr and alkaline concentration. It is assumed 
here that C1"~ also has a linear relation with the concentra- 
tion of KOH, as shown in Table I. According to reaction [1] 
and the direct precipitation of potassium zincate, R~ and R~ 
can be written in terms of Rz~o and Rk 
R1 = - (Rz~o + Rk) [21] 
R2 = 2Rzno [22] 
1107 
Air  electrode.--The mass transport in the gas phase is 
relatively fast compared to that in the liquid phase and, 
consequently, the mass transport in the gas phase can be 
treated as if it were a steady-state case. It can be estimated 
that the mass-transport resistance in the gas phase is negli- 
gible compared to that in the electrolyte phase (21). Addi- 
tionally, the cathode is relatively thin compared to the 
anode, and the reaction zone is even thinner. Therefore, 
the cathode can be considered as a flat-plate electrode with 
a large specific surface area, and its electrochemical behav- 
ior can be expressed by the equation 
r ,F - ( c,ref) ] Pexp 
' [ \ C2,ref] 
_ (  Co2 I I ~ I ) q e x p [  -~-~(r162 Co,tel)l} [23] 
k Co2,ref 
where/i represents the limiting current density due to the 
diffusion of dissolved oxygen in the electrolyte. IUPAC 
solubility data (22) show that the oxygen solubility and 
electrolyte concentration has the following relation 
Co2 = C ~ exp (-k~Ct) [24] 02 
where ke is a constant with units of cmS/mol, C~2 is the oxy- 
gen solubility in pure water, Ct represents the total concen- 
tration of the electrolyte. Therefore, the limiting cathodic 
current density can be further expressed as 
II  = II,ref exp [ - k e ( C  t -- Ct,ref) ] [25] 
where It,re f represents the limiting current density at the 
reference total concentration, Ct,~ev Consequently, Eq. [23] 
can be rewritten as 
I = - ae~ic,,~f [ \ C , , r J  ~ ( c, ~p exp L/~r|=(r F  _ r - r 
- exp [ - -  k e ( e t  - Ct,ref)] - 
exp ~--~- (~c r 
S u m m a r y  of  the modeling equat ions. - -Equat ions [5], [6], 
[9], [12]-[14], [19], and [26] present a complete set of the equa- 
tions which describe the concentrations of Zn(OH)42- and 
OH-, the potentials Ca and r the porosities 9 and ~,, and 
current density i2 as functions of time and position. With 
proper boundary conditions and initial conditions, the so- 
lution of these equations can be obtained by using a nu- 
merical method. 
Boundary  condit ions.--Figure 1 shows a schematic view 
of the model cell, which consists of three boundaries and 
two regions. At the current collector, namely, the back 
side of the zinc electrode (x = 0), the current density in the 
solid phase is equal to the applied discharge current den- 
sity, the current density in the electrolyte phase equals 
zero, and the flux of each species is zero. At the Zn elec- 
trode/separator interface (x = xs), continuity of the fluxes 
of all species is specified. The current  density in the solid 
phase becomes zero, and the current density in the electro- 
lyre then equals the applied discharge current density. At 
the cathode (x = x0, it is assumed that the concentrations 
of all species within the electrode are uniform, and a mass 
balance for species i must  be used to derive the boundary 
conditions 
~) OCi Sc,iI 
5(er - 9 ~ + = Nil==~ - - -  [27] 
Ot neF 
where ~c and t ~ are initial porosities of the cathode reaction 
zone and the separator, respectively. The term (ee - 
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Table I. Input parameters 
Symbol Parameter Reference 
Structure parameters 
ao 1.0 x 10 a cm2/cm ~ t 
ar 10 ~ cm~/cm a t 
1.0 X 10 -2 cm t 
e ~ 0.731 
e ~ 0.6 
e~ 0.5 
xs 0.4 cm 
xt 0.42 cm 
a l0 s S/cm t 
Reaction kinetic parameters 
i~,ref 30.0 x 10 -3 .~Jcm 2 
~ 0.5 
(ba,ref - -  1.353 V 
p 1.0 
q 1.0 
~c,ref 1.5 x 10 -1~ A/cm 2 
(~a 1.0 
I~r 1.0 
6c , ref  0.301 V 
~ f  0.5 AJcm ~ 
1.95 x 10 -s s -~ 
C~ ~ o~ 
~o 0.2 
K 3.0 x 10 -~ moYcm ~ 
ke 0.175 x 10 ~ cm~/mol 
kn 1.8 x 10 -~ s -1 
3.0 
s~ - 1  
s~ 4 
so 0 
Sc, I 0 
So,2 4 




















Transport property parameters 
DA 6.0 x 10 -~ cm~/s 5 
DB 2.19 X 10 -s cm2/s 5 
K 0.45 S/cm 5 
T 0.5 3 
tl 0.01 28 
t2 0.78 3 
Vzno 14.5 cm3/mol 3 
VI 20.0 cm3/mol t 
Wz~ 9.16 cm3/mol 3 
C l , r e f  : C~ = 2.3811 x 10 -4 moYcm 3 
C2,re  f = C~ = 8.0 x 10 -a mol/cm s 
C1,~ = 1.0 x 10-1C2 moYcm 3 8 
C~,e = 1.0 x 10-1C2 mol/cm a t 
Operating parameters 
T 298.15 K 
~ gas  
~ react ion sites 
.~ , I ~  :~ (~E!~l'-~.elect rolyt e film 
/ =  1 I  a,r ,e=ro o 
x=x= ~ separator  
x=xs ~ ~ "  ~ "i 
iiiiiii!ii'/,iii ii'.i ;iiii . e,ectro, e 
x = o  ~ A ~ I . I  ......... ~$$11~ W ~  Zn 
Current collector 
Fig. 1. Schematic view of the model regions. 
species is uniformly distributed throughout each part of 
the battery. 
Numer ica l  Solution 
A f in i te -d i f fe rence  m e t h o d  is u s e d  to  solve the  m o d e l  
equat ions .  The  di f ferent ia l  equa t ions  were  d i sc re t ized  
us ing  the  Crank-Nico l son  app rox ima t ion ,  and  the  resul t -  
ing a lgebraic  equa t i ons  were  so lved  us ing  the  i terat ive 
N e w t o n - R a l p h s o n  m e t h o d  wi th  t he  a lgor i thm d e v e l o p e d  
by  N e w m a n  (23). 
A l t h o u g h  the  init ial  e l ec t rode  po ten t ia l s  ((~, 6, and  6r in 
b o t h  the  sol id p h a s e s  i n  t he  a n o d e  and  the  ca t h o d e  and  in 
t h e  e lec t ro ly te  p h a s e  are  no t  n eed ed ,  initial  guesses  for 
t h e s e  t h r e e  var iab les  are r eq u i r ed  for  t he  i tera t ion me t hod .  
I t  was  f o u n d  tha t  the i r  va lues  are  crit ical for ob ta in ing  a 
c o n v e r g e d  so lu t ion  for t he  first t ime  step.  To ob ta in  va lues  
c lose  to t h e  solut ion,  t he  initial  guess  values  w e r e  ob ta ined  
as follows. The  e l ec t rode  po ten t i a l  in  t he  sol id p h a s e  at  t he  
c a t h o d e  (6~) was  se t  to  a g iven  va lue  (~r t h e n  the  po ten-  
tial in  t he  so lu t ion  at  t he  c a t h o d e  was  e s t ima ted  by  solving 
Eq.  [26] 
w h e r e  
R T  
~)(x0 = 6~ - (~c,~f + - -  In X~ [28] 
~aF 
I + X / ~ +  4 Y Z  
X~ - [29] 
2Y 
~ 
Y = aeBj~ ~f \ ~ /  [30] 
Z = aeBj~,ref e x p  [ -ke  (C~ - Ct,~f)] - [31] 
t Arbitrarily chosen, kf, k~, and ia,ref were chosen so that the pre- 
dicted discharge curve agrees with the experimental data at 20 
mA/cm 2 provided by MATSI, Inc. (24). 
$ Chosen so that the initial precipitation rate of ZnO is zero. 
The  po ten t i a l  in t h e  sepa ra to r  can  be  a s s u m e d  to be  lin- 
early d i s t r ibu ted ,  and,  consequen t ly ,  the  po ten t ia l  in  t h e  
sol id  p h a s e  at  the  a n o d e  can  be  e s t i m a t e d  by  solving the  
equa t ion  
e ~ + e) r e p r e s e n t s  t he  poros i ty  of  t he  ca thode  reac t ion  zone.  
The  s y m b o l  so,i is t he  s to ich iomet r i c  coeff ic ient  of  spec ies  i 
in t he  c a t h o d e  reac t ion  (see reac t ion  [3]). The  cu r ren t  den-  
si ty in  t he  e lec t ro ly te  is equa l  to t he  app l i ed  d i scha rge  cur- 
r en t  dens i ty .  
I n i t i a l  c o n d i t i o n s . - - A  cer ta in  a m o u n t  of  zinc ox ide  is 
usual ly  in ten t iona l ly  a d d e d  to t he  e lec t ro ly te  to p r ev en t  
t he  se l f  d i s cha rge  of  t he  zinc e lec t rode.  The  initial z incate  
concen t r a t i on  can  be  e s t i m a t e d  f rom the  k n o w n  a d d e d  
a m o u n t  of  ZnO. The  initial  concen t r a t i on  of  h y d r o x i d e  
ions  is as p r e p a r e d  if  t he  a m o u n t  of  zinc ox ide  is smal l  
c o m p a r e d  to  t h e  a m o u n t  o f  KOH. Before  t he  ba t t e ry  is dis-  
charged ,  i t  is a s s u m e d  h e r e  t h a t  t h e  c o n c e n t r a t i o n  of  each  
f (  C~ 13 F2otar (~a,ref)] 
I = XsaoJa,re f t-\e2,ref/ e x p  LRT-((~a(x~) - (~(xs) - 
E ]} \Cl,r~f/ R T  (~a(Xs) -- (~(Xs) -- (~a,ref) [32] 
As  s h o w n  in Fig. 1, t he  ad jus tab le  des ign  pa rame te r s  are 
t he  e lec t rode  t h i c k n e s s  (xs), t he  initial  z inc loading  (related 
to e~ initial z incate  co n cen t r a t i o n  (C~), initial KOH con- 
cen t ra t ions  (C~), gel l ing agen t  c o n t e n t  (upon  w h i c h  the  dif- 
fus ion  coef f ic ien t  o f  each  spec ies  a n d  e lec t ro ly te  conduc-  
t ivi ty  depend) ,  a n d  t h e  sepa ra to r  t h i c k n e s s  (x~ - as). A n  
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exploration for the opt imum values of these parameters 
has been conducted by varying these parameters as 
described below in the Results and Discussion section. 
All fixed input  parameters for the program are listed in 
Table I. 
Since the solution of the model equations yields the con- 
centrations, porosity, and the potentials as a function of 
position and time, other dependent  variables such as the 
cell voltage, each component  of the cell voltage loss, and 
the anode material utilization can be calculated as follows. 
The cell voltage is the potential difference at the current 
collector (x = 0) and at the cathode (x = xO: g = 6~ - 6~. 
Cell voltage loss is due to the overpotential at the anode 
01o), ohmic loss across the separator 01~), and the over- 
potential at the cathode 01r The anode material utilization 
for a given cutoff cell voltage can be calculated from the 
time to the cutoff cell voltage and the applied current 
density 
Vzn I t  
2F 
O u - - -  • 100% [33] 
(1 - e~ 
or from the electrode porosity change at the cutoff cell 
voltage 
(1 - ~~ - [ - ~  (1 - ~l)dx 
O u -  x 100% [34]  
(1 - ~~ 
0 .5  , , , , , 
0.4 """ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Results and Discussion 
A comparison of the discharge curves between the 
model prediction and the experimental data provided by 
MATSI, Inc. (24) is presented in Fig. 2 for the battery speci- 
fications given in Table I. There are some discrepancies be- 
tween the two sets of experimental data, probably because 
some uncertain experimental  conditions may be involved. 
Although no attempt was made to fit the model prediction 
to the experimental  data by using a parameter estimation 
technique, the model prediction curve was adjusted to be 
close to the experimental  data by manually changing three 
parameters: the exchange current density for the zinc elec- 
trode reaction (i~,~ef), and the two reaction rate constants for 
the precipitation of solid zinc oxide and solid potassium 
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Fig. 2. Comparison between model prediction and the experimental 
data provided by MATSI, Inc. I = 20 mA/cm ~, the input parameters for 
the program are listed in Table I. The symbols represent two sets of ex- 
perimental data obtained under the same conditions, and the solid line 
is the model prediction. 
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Fig. 3. The predicted potential loss at each part of the cell as a func- 
tion of time. The input parameters are the same as those for Fig. 2. 
zinc electrode reaction was chosen within the range of 
those reported in the literature, while the other two param- 
eters (/Q and kn) were chosen arbitrarily. It can be seen 
from Fig. 2 that there is good agreement between the 
model predictions and the experimental  data. The model 
predictions indicate that there is a rapid drop in cell volt- 
age during the initial state of discharge, which is the ex- 
pected behavior of a ZrgAir battery (25, 26). Depletion of 
hydroxide ions is responsible for this cell voltage drop. 
Following the initial drop is a plateau which extends al- 
most to the end of discharge. Further interpretation of the 
discharge behavior is presented next  by analyzing each 
component  of the cell voltage loss and the distributions of 
the potential in the solution, the transfer current per uni t  
volume, and the concentrations. 
The cell voltage loss is attributed to the overpotentials at 
both the anode and cathode and the ohmic drop across the 
separator. Figure 3 shows the model predictions for each 
component  of the cell voltage loss as a function of time. 
The overpotential at the anode is defined by the difference 
between the potential in the solid phase and that in the 
electrolyte adjacent to the electrode surface at x = x~ 
~a = 6a(x~) - 6(x~)  - ~a,ref [35]  
The ohmic drop across the separator is defined by the po- 
tential difference in the electrolyte at the cathode and at 
the anode near the separator/the electrode interfaces 
~s = d~(Xs) - ~(Xl) [36] 
and the overpotential at the cathode is defined similarly to 
that at the anode 
me = d~c - 6(xr) - 6c.ref [37] 
Although the cathode is a major source for cell voltage loss 
because of the slow kinetics for oxygen reduction, the 
overpotential at the cathode decreases slightly during dis- 
charge because the oxygen solubility increases as the elec- 
trolyte concentration decreases during discharge. The 
voltage loss across the separator increases continuously 
during discharge because both the porosity and the elec- 
trolyte concentration decrease, and consequently, the ef- 
fective electrolyte conductivity is decreased. However, the 
voltage loss across the separator is negligible compared to 
those at the anode and the cathode. The overpotential at 
the anode increases rapidly at the beginning of discharge, 
reaches a near-plateau region, and finally increases sharply 
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Fig. 4. The predicted transfer current per unit volume as a function of 
position at different states of discharge. The input parameters are the 
same as those for Fig. 2. 
at the end of discharge. Evidently, the zinc electrode be- 
havior determines the battery performance. 
Since the kinetics of the zinc electrode reaction are fast, 
the reaction rate is sensitive to the reactant concentration 
and the electrode potential. Figure 4 shows the predicted 
transfer current per unit volume as a function of the posi- 
tion. The anodic reaction preferentially occurs in the front 
side of the electrode, as if the transfer current were limited 
within a very narrow region. This reaction zone does not 
expand significantly, but  gradually moves into the elec- 
trode. This is because the reactant (OH=) is more available 
and because the driving force for the reaction (potential 
difference) in the front side of the electrode is higher than 
that at the back side. At the end of  discharge, a sharp peak 
forms in the middle of the electrode due to a sharp shift in 
the potential in the electrolyte and a rapid change in the 
OH- concentration as shown in Fig. 5 and Fig. 8. 
Figure 5 shows the predicted potential in the electrolyte 
as a function of position. The potential shifts gradually in 
the negative direction, which causes a rise in the driving 
force for the reaction at the anode as the discharge pro- 
ceeds. At the end of discharge, the potential shifts signifi- 
cantly in the positive direction in the region toward the 
back side of the electrode. Since the discharge is carried 
out at a constant current, the anode reaction is forced to 
occur at a constant rate; consequently, the electrode po- 
tential in the solid phase is drawn to a very positive value 
to retain the same current. This occurs because the zinc 
material in the front side of  the electrode has been de- 
pleted, and hydroxide ions are available from the cathode; 
therefore, the potential in the electrolyte shifts as shown in 
Fig. 5. 
Figure 6 presents the predicted porosity as a function of 
position at different states of discharge. The solid phase in 
the electrode consists of solid metallic zinc, zinc oxide, and 
potassium zincate. The porosity change is the net result of 
zinc dissolution and the precipitation of both zinc oxide 
and solid potassium zincate. As shown in Fig. 6, the zinc in 
the front side of the electrode is preferentially dissolved at 
an early state of discharge. The resulting zincate ions dif- 
fuse away from this region because the electrolyte is not 
saturated initially with zincate ions and the precipitation 
of zinc oxide is a slow process. As a result, the porosity in 
the front side of the electrode increases at the beginning. 
However, when zinc oxide and potassium zincate start to 
precipitate and accumulate in the electrode as the dis- 
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Fig. 5. The potential in the electrolyte phase as a function of position 
at different states of discharge. The input parameters ore the same as 
those for Fig. 2. 
other hand, the porosity in the separator decreases contin- 
uously because the precipitated zinc oxide and potassium 
zincate accumulate continuously in this region. Therefore, 
it may be inferred that pore blockage is unlikely to occur 
in the zinc eletrode; however, it may occur in the sepa- 
rator. 
Figures 7 and 8 show the predicted concentration pro- 
files of zincate and hydroxide ions at different states of dis- 
charge. The concentration of zincate ions increases rapidly 
with t ime at an early state of discharge and decreases at 
later states of discharge because the precipitation of zinc 
oxide is a slow process, which results in a buildup in the 
zincate concentration. On the other hand, the concentra- 
tion of  hydroxide ions decreases continuously, causing a 
rapid rise in the zincate saturation level, and, conse- 
quently, accelerating precipitation of zinc oxide and potas- 
1~  ~ ~  
/ 
0.0 .~ 
0.6 ~ . ~  . f  
0.4  
0.2 
- -  0 .01  h o u r  
............ %0 hours 
. . . . . .  18 hours I /  
- - -  27.4 hours 
- -  - 27.7 hours 
0.0 
0.00 0.09 0.18 0.27 0.36 0.45 
X ( a m )  
Fig. 6. The predicted porosity as a function of position at different 
states of discharge. The input parameters are the same as those for 
Fig. 2. 
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Fig. 7. The predicted concentration profiles for zincate ions at differ- 
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Fig. 9. The solid zinc oxide distributions at different states of dis- 
charge. The input parameters are the same as those for Fig. 2. 
s ium zincate.  As desc r ibed  earlier, zinc ox ida t ion  occurs  
wi th in  a na r row zone, and this zone m o v e s  into the  elec- 
trode.  Cor responding ly ,  the  h ighes t  z incate  concent ra t ion  
appears  near  the  reac t ion  zone, and  this  concent ra t ion  
peak  b e c o m e s  b roader  and gradual ly  moves  into the  elec- 
t rode  as shown  in Fig. 7. The  concen t ra t ion  of  the  hydrox-  
ide ions  decreases  wi th  discharge,  bu t  is larger  near  the  
ca thode  as e x p e c t e d  (Fig. 8). 
F igures  9 and 10 show the  solid zinc ox ide  and solid po- 
t a ss ium zincate  as a func t ion  of  posi t ion at d i f ferent  states 
of  discharge.  As expec ted ,  the  a m o u n t  of  zinc oxide  in- 
creases  wi th  d i scharge  t ime,  and its d is t r ibut ion  is s imilar  
to tha t  of  po ta s s ium zincate.  As shown  in Fig. 10, the  
a m o u n t  of  solid po t a s s ium zincate increases  near  the  end  
of  discharge.  This  process  will  resul t  in a rapid  decrease  in 
the  concen t ra t ion  of  h y d r o x i d e  ions, and, consequent ly ,  
will  lead to e lec t rode  failure. I t  shou ld  be  no ted  that  the  
p red ic ted  a m o u n t  of  solid po ta s s ium zincate  is small  com- 
pared  to tha t  of  ZnO. 
F igure  11 shows  the  p red ic ted  d ischarge  curves  at differ- 
en t  d ischarge  rates. The  p red ic ted  cell  vo l tage  increases,  
and the  p la teau  reg ion  b e c o m e s  flatter as the  d i scharge  
rate  decreases .  Fu r the rmore ,  the  anode  mater ia l  ut i l izat ion 
decreases  wi th  increas ing  d i scharge  rate as indica ted  by 
the  cell  vol tage  read ing  0.9 V at a lower  state of  discharge.  
The  p red ic ted  d i scharge  curves  shown in Fig. 11 are quali-  
ta t ively  cons i s ten t  wi th  expe r imen t a l  data  repor ted  in 
the  l i terature.  However ,  at the  h igh  d ischarge  rate, i t  ap- 
pears  tha t  the  p red ic ted  anode  mater ia l  ut i l izat ion is 
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Fig. 8. The predicted concentration profiles for hydroxide ions at dif- 
ferent states of discharge. The input parameters are the same as those 
for Fig. 2. 
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Fig. 10. The solid potassium zincote distributions at different states 
of discharge. The input parameters are the same as those for Fig. 2. 
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Fig. 11. The predicted cell voltage as a function of state of discharge 
at different discharge rates. The other input parameters are the same 
as those for Fig. 2. 
h i g h e r  t h a n  t h a t  n o r m a l l y  o b s e r v e d  e x p e r i m e n t a l l y .  O n e  
p o s s i b l e  e x p l a n a t i o n  fo r  t h i s  i s  t h a t  t h e  p a s s i v a t i o n  o f  t h e  
z i n c  e l e c t r o d e  d u e  to  z i n c  o x i d e  p r e c i p i t a t i o n  m a y  b e  a n  
i m p o r t a n t  f a c t o r  i n  t h e  e l e c t r o d e  f a i l u r e  a t  a h i g h  d i s c h a r g e  
r a t e ;  t h i s  f a c t o r  h a s  n o t  b e e n  i n c l u d e d  i n  t h e  m o d e l .  
T h e  m a t e r i a l  l o a d i n g  i s  a n  i m p o r t a n t  p a r a m e t e r  i n  de -  
s i g n i n g  a z i n c  e l e c t r o d e .  T h e  o p t i m u m  m a t e r i a l  l o a d i n g  is  
a f f e c t e d  b y  m a n y  f a c t o r s  s u c h  a s  t h e  e l e c t r o l y t e  c o n c e n t r a -  
t i on ,  e l e c t r o d e  t h i c k n e s s ,  a n d  d i s c h a r g e  r a t e s .  F i g u r e  12 
s h o w s  t h e  p r e d i c t e d  ce l l  v o l t a g e  a s  a f u n c t i o n  o f  s t a t e  o f  
d i s c h a r g e  fo r  e l e c t r o d e s  l o a d e d  w i t h  d i f f e r e n t  a m o u n t s  o f  
z inc .  T h e  e l e c t r o d e  w i t h  a t h e o r e t i c a l  c a p a c i t y  o f  630 m A h /  
c m  2 h a s  a n  in i t i a l  p o r o s i t y  o f  0.731, t h e  c a p a c i t i e s  o f  t h e  
o t h e r  t w o  e l e c t r o d e s  a r e  i n c r e a s e d  b y  20% a n d  40% f r o m  
t h i s  b a s e  ca se ,  r e s p e c t i v e l y ,  g i v i n g  t h e  e l e c t r o d e  p o r o s i t i e s  
o f  0.677 a n d  0.623. I t  i s  g e n e r a l l y  e x p e c t e d  t h a t  t h e  m a t e r i a l  
u t i l i z a t i o n  m a y  d e c r e a s e ,  b u t  t h e  d e l i v e r e d  c a p a c i t y  m a y  
1.5 9 9 , . . . , . . . , . . . , 9 - . 
1.3 
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Fig. 12. The predicted cell voltage as o function of state of discharge 
for electrodes with different zinc loading. The other parameters are the 
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Fig. 13. The predicted cell voltage as a function of state of discharge 
at different electrode thicknesses. The other input parameters are the 
some as those for Fig. 2. 
i n c r e a s e  o r  a t  l e a s t  b e  t h e  s a m e  a s  t h e  m a t e r i a l  l o a d i n g  
l eve l  i s  i n c r e a s e d .  H o w e v e r ,  F ig .  12 i n d i c a t e s  t h a t  b o t h  t h e  
m a t e r i a l  u t i l i z a t i o n  a n d  t h e  d e l i v e r e d  c a p a c i t y  d e c r e a s e  as  
t h e  m a t e r i a l  l o a d i n g  is  i n c r e a s e d .  T h i s  m a y  b e  d u e  to  l e s s  
e l e c t r o l y t e  b e i n g  a v a i l a b l e  f o r  a h i g h e r  m a t e r i a l  l o a d i n g .  
F i g u r e  13 s h o w s  t h e  p r e d i c t e d  d i s c h a r g e  c u r v e s  f o r  d i f -  
f e r e n t  e l e c t r o d e  t h i c k n e s s e s .  B y  i n c r e a s i n g  t h e  e l e c t r o d e  
t h i c k n e s s ,  t h e  e l e c t r o d e  c a p a c i t y  c a n  b e  i n c r e a s e d  i f  t h e  
m a t e r i a l  u t i l i z a t i o n  is  t h e  s a m e .  F i g u r e  13 i n d i c a t e s  t h a t  
s u c h  a m e a n s  is  e f f e c t i v e  i n  i n c r e a s i n g  e l e c t r o d e  c a p a c i t y .  
E x p e r i m e n t a l  d a t a  (24) a l so  s h o w  t h a t  t h e  m a t e r i a l  u t i l i -  
z a t i o n  is  a l m o s t  t h e  s a m e  fo r  t h e  e l e c t r o d e  t h i c k n e s s e s  o f  
0.4 a n d  0 . 5 c m  a t  t h e  d i s c h a r g e  c u r r e n t  d e n s i t y  o f  
20 m A / c m  2. T h e r e f o r e ,  t h e  m o d e l  p r e d i c t i o n s  a r e  c o n s i s t -  
e n t  q u a l i t a t i v e l y  w i t h  t h e  e x p e r i m e n t a l  da t a .  
1.5 
1.3 
, . . . . ,  0 . 9  . . . . . .  O A O  e m  
0 9  
. . . . . . . . . . . .  0 . 0 6  em 
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S t a t e  o f  d i s c h a r g e  (%) 
Fig. 14. The predicted cell voltages as a function of discharge state 
for different separator thicknesses. The other input parameters are the 
same as those used for Fig. 2. 
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Fig. 15. The predicted cell voltage as a function of state of discharge 
at different gelling content in the electrolyte. The other input parame- 
ters are the same as those for Fig. 2. 
It is generally thought that to reduce the internal resist- 
ance of a Zn/Air battery the separator thickness should be 
reduced to a minimum.  Figure 14 shows the predicted cell 
voltage as a function of discharge state for different sepa- 
rator thicknesses. As expected, the cell voltage decreases 
when the separator thickness is increased; however, the 
anode material utilization increases with separator thick- 
ness. This beneficial effect of a thicker separator may be a 
special case for the ZrgAir battery because material utili- 
zation depends strongly on the ratio of the amount  of hy- 
droxide ions to that of zinc. This is true because the separa- 
tor serves as an electrolyte reservoir; and, consequently, 
the anode material utilization increases with the separator 
thickness. In selection of separator materials, it is there- 
fore recommended that a relatively thick separator be 
used. 
The viscosity of the electrolyte increases exponentially 
with the content  of a gelling agent. A small amount  of the 
gelling agent, for example, 0.5 weight percent (w/o), causes 
the viscosity to rise by three orders of magnitude. If trans- 
port parameters such as the electrolyte conductivity and 
diffusion coefficient of each species vary inversely with 
viscosity, the performance of the battery would be signifi- 
cantly affected by the content of the gelling agent. Simula- 
tions with the modified parameters based on the viscosity 
indicated that the cell voltage drops rapidly to the cut-off 
voltage with a small utilization of the active material 
(<5%). Such a utilization is unrealistic compared to those 
observed in experiments. The measured conductivity of 
the 31 w/o KOH and 2 w/o ZnO electrolyte with various 
Carbopol (gelling agent) decreases by about 2% per 
0.5% Carbopol (21). A possible explanation is that the gel- 
ling agent becomes a solid porous absorber for the electro- 
lyte. Within the pores of this structure the ions of the elec- 
trolyte may pass relatively freely despite the apparently 
high viscosity of the phase. Therefore, the effect of gelling 
agent content  on the transport parameters is treated in the 
same way as that used for a porous medium. That is, the 
electrolyte conductivity and diffusion coefficient of each 
ionic species are modified by multiplying by a correction 
factor according to the amount  of gelling agent. Figure 15 
shows the predicted effect of gelling content on the dis- 
charge curves. As can be seen, the effect of gelling agent is 
insignificant, the anode material utilization does not 
change, and the cell voltage decreases only slightly when 
the gelling agent changes from 0.2 to 2.2%. Therefore, the 
amount  of gelling agent needed can be determined based 
simply on ease of electrolyte handling. 
Conclusions 
A mathematical model of a primary Zn/Air battery is 
presented and used to predict cell performance for partic- 
ular cell designs and operating conditions. The model 
agrees well with experimental data and could be used to 
determine the optimum design parameters for other oper- 
ating conditions of a primary ZrdAir battery. 
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LIST OF SYMBOLS 
initial specific surface area of the zinc electrode, 
c m 2 / c m  3 
effective specific surface area of the cathode, cm2/ 
c m  3 
initial value of solid zinc oxide, moYcm 3 
specific surface area of the zinc substrate, cm2/cm 3 
concentration of potassium zincate, mol/cm 3 
equil ibrium concentration of potassium zincate 
with zinc oxide in potassium hydroxide solution, 
mol/cm 3 
equil ibrium concentration of potassium zincate 
with solid potassium zincate in potassium hydrox- 
ide solution, moYcm 3 
reference concentration of potassium zincate, moY 
a m  3 
concentration of potassium hydroxide, mol/cm 3 
reference concentration of potassium hydroxide, 
mol/cm 3 
the concentration of dissolved oxygen at the inter- 
face between gas phase and electrolyte, mol/cm 3 
reference concentration of dissolved oxygen, mol/ 
c m  3 
total electrolyte concentration, mol/cm 3 
total electrolyte concentration at a reference state, 
mol/cm 3 
diffusion coefficient of potassium zincate, cm2/s 
diffusion coefficient of potassium hydroxide, 
c m  2 s 
Faraday constant, 96,487 C/mol 
applied discharge current density, A/cm 2 
limiting current density of the air electrode due to 
diffusion of dissolved oxygen, A/cm 2 
limiting current density of the air electrode due to 
diffusion of dissolved oxygen evaluated at refer- 
ence alkaline concentration, Alcm 2 
current density in the solid phase of the zinc elec- 
trode, A/cm 2 
curr~nt density in the electrolyte phase, A/cm 2 
exchange current density for zinc oxidation evalu- 
ated at a reference state, A/cm 2 
exchange current density for oxygen reduction 
evaluated at a reference state, A/cm 2 
transfer current per uni t  volume in the zinc elec- 
trode, A/cm 3 
equil ibrium constant for ZnO precipitation reac- 
tion, mol/cm 3 
constant in the expression for the solubility of oxy- 
gen in KOH, cm3/mol 
a proportionality in the kinetic expression for ZnO 
precipitation, moYcm ~ 
reaction rate constant for precipitation of zinc 
oxide, s ~1 
reaction rate constant  for precipitation of zincate 
solid, s -1 
flux of species i, mol/cm2-s 
number  of electrons involved in the anode reaction 
number  of electrons transferred in the oxygen re- 
duction 
reaction order with respect to hydroxide ion con- 
centration for the cathodic reaction at the cathode 
reaction order with respect to the concentration of 
dissolved oxygen for the cathodic reaction at the 
air electrode 
universal gas constant, 8.314 J/mol-K 
Downloaded 08 Jun 2011 to 129.252.106.20. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
1114 J. Electrochem. Soc., Vol. t39, No. 4, April 1992 9 The Electrochemical Society, Inc. 
R~ reaction rate term in Eq. [4] that  accounts for elec- 
t rochemical  and chemical  reactions, mol/cm3-s 
R1 zincate ion reac t ion  rate due to precipitat ion of 
ZnO and K2Zn(OH)4(s), mol/cm3-s 
R2 hydroxide  ion reaction rate due to precipitat ion of 
ZnO, moYcm3-s 
Rzno ZnO precipi tat ion rate, mol/cm3-s 
Rk K2Zn(OH)4(s) precipi tat ion rate, mol/cm~-s 
si s toichiometric coefficient of ionic species i in the 
anode react ion 
sr stoichiometric coefficient of ionic species i in the 
cathode reaction 
T temperature,  K 
t time, s 
tl t ransference number  for zincate ions 
t2 transference number  for hydroxide  ions 
Vz~ partial  molar  volume of zinc, cm3/mol 
Vz~o partial  molar  volume of zinc oxide, cm~/mol 
VA~ part ial  molar  volume of solid potass ium zincate, 
cm3/mol 
x spatial  coordinate, cm 
x~ the thickness of the porous zinc electrode, cm 
x~ the total length from the back side of the zinc elec- 





















anodic transfer coefficient of zinc oxidation 
the transfer coefficient on the anodic term of the 
cathodic reaction at the air electrode 
the transfer coefficient on the cathodic term of the 
cathodic reaction at the  air electrode 
free energy change due to oversaturation, J/mol 
reaction zone thickness in the air electrode, cm 
porosi ty  of either zinc electrode or the separator  
porosi ty  of bare zinc in the zinc electrode 
initial porosi ty of zinc electrode 
porosi ty of the reaction zone in the cathode 
correction coefficient for zincate oversaturation 
the anode overpotential,  V 
the cathode overpotential,  V 
voltage loss across the separator,  V 
anode material  utilization, % 
electrolyte conductivity,  S/cm 
number  of ionic species i per  molecule of species j 
correction coefficient for oversaturation 
electrochemical  potential  of species i, J/mol 
conduct ivi ty of zinc electrode, S/cm 
tortuosi ty effect constant  
electrical potential  in electrolyte phase, V 
anode potential  in the solid phase, V 
cathode potential  in the solid phase, V 
equi l ibr ium anode potential  evaluated at reference 
concentrations,  V 
equi l ibr ium cathode potential  evaluated at refer- 
ence concentrations,  V 





o initial or water  
ref  reference state 
s separator  
1 zincate ion 
2 hydroxide  ion 
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